Abstract-The use of a differential capacitance technique for characterizing the relaxation-induced defect states in Schottky diodes has been studied. Based on a proposed equivalent circuit including the effect of potential drop across the carrier-depletion layer, a simple equation of capacitance at different voltages and frequencies is derived and compared with experimental data obtained from relaxed In 0 2 Ga 0 8 As/GaAs samples. It is shown that the carrier-depletion layer will introduce capacitance dispersion over frequency like traps; from it the device's geometric parameters, the resistance of the carrier-depletion layer and the ionization energy of the deep level that gives rise to this resistance can be obtained. The relation between the low-frequency capacitance and reverse voltage can be well explained by the depletion of the free carriers between the Schottky depletion and the carrier-depletion layer. The relaxation-induced traps are believed to be at 0.535 and 0.36 eV, respectively, in the GaAs and In 0 2 Ga 0 8 As regions.
I. INTRODUCTION
L ATTICE relaxation [1] , [2] in InGaAs/GaAs material system has been found to generate misfit dislocations [3] - [8] and give rise to carrier depletion [9] , [10] . This carrier depletion is so drastic that it extends beyond the relaxed InGaAs layer to GaAs regions and generates a carrier-depletion region [10] . In order to characterize the relaxation-induced defects, a GaAs Schottky diode with a relaxed InGaAs layer is often used. However, using deep-level transient spectroscopy (DLTS) to analyze the defect traps in such a structure is complicated, since it can not be treated as a simple Schottky diode with traps. Instead, the whole structure is similar to a Schottky depletion region and a carrier-depletion region connected in series [11] . Since admittance spectroscopy is suitable for deriving device's equivalent circuits, it can be used to characterize a device with certain structures. Therefore, in this paper, we present a simple formulation and show how to use capacitance spectroscopy to extract the device's parameters and characterize the relaxation-induced traps in In Ga As/GaAs system. 
II. THEORY

A. Band Diagram and Equivalent Circuit
We have previously observed a dominating trap at 0.33-0.49 eV in relaxed In Ga As/GaAs quantum-well Schottky diodes by DLTS measurement [11] . A similar trap at 0.395 eV was also observed by Uchida et al. [9] . This trap is believed to give rise to a carrier-depletion layer around the relaxed InGaAs layer. Based on this information, a proposed band diagram consisting of a Schottky depletion region and a carrier-depletion layer is shown in Fig. 1(a) ; from it we will derive an equation of differential capacitance as a function of reverse voltage and frequency. Note that under small reverse voltages, there exists a relatively carrier concentrated region between the Schottky depletion and carrier-depletion layer. An incremental reverse potential will deplete the free carriers (represented by ) at the left edge of the carrier-depletion layer and the free carriers (represented by ) in the concentrated region. From Gauss' law, the total incremental potential is given by the sum of the incremental potentials across and , as follows:
On substituting into the above equation, the ratio of the potential drop across to the total potential drop can be written by (1) This equation expresses the potential distribution across the device in terms of the term that accounts for the detailed band structure under different reverse voltages.
B. C-F Spectra
The ac properties of the device with the band diagram in Fig. 1(a) can be represented by the equivalent circuit in Fig. 1(b) . The carrier-depletion layer is assumed represented by a parallel combination of a resistance and geometric capacitance (per unit area)
, here is the permittivity of the material and is the width of the high-resistance layer. The Schottky depletion layer is represented by a depletion capacitance per unit area , here is the depletion layer width. The corresponding conductive component is neglected due to a high Schottky barrier height. To include the effect of reverse voltages, we add in the equivalent circuit a steady-state voltage across the carrier-depletion layer at due to an applied reverse voltage . The energy level at the edge of the high-resistance layer is taken as zero reference potential. It is clear that the circuit gives rise to a time constant for the free carriers in the concentrated region to traverse through the carrier-depletion layer. After applying an infinite small voltage at [where is a unit step function and is defined as and ], the voltage drop across the carrier-depletion layer can be written in the form:
, where constants and are to be solved from the initial and final conditions. From the partition of capacitor voltage, the initial condition for is . The final condition is determined by assuming an additional infinite small steady-state voltage of across the carrier-depletion layer at , that is,
. By substituting these two conditions, is given by From the voltage across which is simply given by , the current flowing through the device becomes where is a unit impulse function and is defined as . The frequency-dependent capacitance and can be determined from the Fourier transform of :
(2) and Note that the frequency behavior in these equations is similar to that in conventional Schottky diodes with traps [12] . Therefore, the effect of the free carriers in the concentrated region to traverse through the carrier-depletion layer is to produce a step-like capacitance drop over frequency.
Equation (2) shows that the capacitance drops from the lowfrequency capacitance of to the highfrequency capacitance of . The inflexion frequency at which the capacitance drops is given by . At high frequencies where , no free carriers can follow the frequency to traverse through the high-resistance layer, thus so that the high-resistance layer behaves as a perfect insulator and the device acts as the series sum of and . The high-frequency capacitance allows us to determine and the inflexion frequency allows us to find the temperature dependence and the ionization energy of the deep level that gives rise to this resistance. On substituting the previously derived from (1), the low-frequency capacitance becomes (3) is a function of which depends on reverse voltages. Under small reverse voltages such that the band structure on both sides of the carrier-depletion layer still remains symmetric, the concentration in the concentrated region is close to the background concentration cm ). Under this condition, most of the applied potential will drop only across the Schottky depletion region (
) and deplete the carriers in the concentrated region approximately by reducing its width , that is , thus, we obtain and the low-frequency capacitance reduces to the Schottky depletion capacitance, that is, . Therefore, under small reverse voltages, decreases with increasing reverse voltages in a way similar to that in a simple Schottky diode. This low-frequency capacitance allows us to obtain the Schottky depletion width, the barrier height, and the carrier concentration in the concentrated region by differentiating with reverse voltage.
2) Under Intermediate Reverse Voltage:
Upon increasing the reverse voltage, some of the applied potential will drop across the carrier-depletion layer, which can drastically deplete the carriers in the concentrated region. Let us approximate the carriers in the concentrated region as , here is the effective density of states in the conduction band. Assuming that the variation of is dominated by the variation in from the voltage drop across the carrier-depletion layer, that is,
, we obtain which gives after integration. This equation describes that exponentially decreases with increasing the voltage drop across the carrier-depletion layer. Consequently, will show a drastic variation with increasing reverse voltage.
3) Under Large Reverse Voltage: Under large reverse voltages, almost all are depleted and the concentrated region no longer exists, thus, . From (3), the low-frequency capacitance approaches the high-frequency capacitance, that is, .
III. EXPERIMENTAL
A. Sample Fabrication
The sample structure is a 0.6 m-thick n-type GaAs Schottky diode inserted in the middle with an In Ga As layer of 100, 200 and 1000 Å, respectively. The samples were grown on n GaAs (001) substrates by Varian Gen II molecular beam epitaxy. All the GaAs and InGaAs layers were doped with Si at a nominal concentration of cm . This concentration allows us to penetrate the Schottky depletion edge to the InGaAs layer by applying reverse voltages. Details of growth were reported previously [10] . Schottky contacts were fabricated by evaporating Au with dot diameter of 1500 m. An HP4194 gain-phase analyzer was used to measure the capacitance-frequency (C-F) spectra. The small signal oscillation level was maintained at 100 mV. Fig. 2(a) shows the apparent carrier concentration converted from capacitance-voltage (C-V) data (shown in the inset) for all three samples. A carrier confinement was found in the quantum-well region in the samples with 100 and 200 Å-thick InGaAs. On the other hand, carrier depletion was seen in the sample with 1000 Å-thick InGaAs. The carrier depletion is so drastic that it extends beyond the well region into the GaAs layers and is believed to be caused by lattice relaxation since 1000 Å is much larger than the reported critical thickness of between 200 and 300 Å determined from x-ray diffraction [10] . This lattice relaxation gives rise to step-like capacitance drops over frequency as can be seen in the capacitance-frequency (C-F) spectra at V in Fig. 2(b) . For comparison, curves in the inset are the C-F spectra for the samples with 100 and 200 Å-thick InGaAs, which show no detectable capacitance drop. For the time being, let us concentrate on the high-frequency capacitance drop from to nF observed in the 1000 Å sample. We intend to show that it is produced by the effect of carriers traversing through the carrier-depletion layer as expressed in (2). Fig. 3 (a) and (b) shows the detailed temperature-dependent high-frequency capacitance drop measured at V and V, respectively, for the 1000 Å sample. For comparison with the theory, we denote the capacitance measured at Hz as the low-frequency capacitance and the capacitance measured at Hz as the high-frequency capacitance . Their values (at K) are plotted as a function of reverse voltages in Fig. 4 . It can be seen that slightly decreases with increasing reverse voltages, which is consistent with the previously discussed formula:
B. Experimental C-F Spectra
C. Variation of and versus Reverse Voltage
. From (at V), we obtain m, and from (at V), we obtain m which is close to the total epitaxial thickness of 0.7 m. As for the low-frequency capacitance, decreases initially like a simple Schottky diode from 1600 pF (at V) to about 600 pF, beyond that, it displays a significant variation corresponding to the onset of drastic depletion of the carriers . When carriers are completely depleted, approaches the high-frequency capacitance of about 400 pF. This shows that the behavior of versus reverse voltage is consistent with the theory. The fact that a Schottky barrier height of 0.8 eV obtained from the intercept of with voltage axis, as shown in the inset of Fig. 4 , also confirms that is approximately equal to for small voltages. From its 0 V value, we obtain m. In conjunction with m (at V), we obtain m, which is much larger than the InGaAs thickness of 0.1 m, implying the carrier depletion extends into the GaAs regions. Assuming equal depletion on both sides, we obtain a thickness of m for the concentrated region at 0 V.
The (2) illustrates that the capacitance drops at the inflexion frequency given by . By fitting this equation to the experimental C-F spectra, the can be obtained if and are first determined. From the experimental and , one can obtain from (4) This equation shows that is equal to only for small voltages ( ). For large voltages, due to a strong decrease in , will accordingly increase sharply with reverse voltage, as shown in As to obtain , as previously mentioned, is equal to under small reverse voltages. At small voltages, is simply the Schottky depletion capacitance that is determined by the carrier concentration in the concentrated layer. However, the concentrated layer contains a large amount of traps as is reflected by the carrier depletion in Fig. 2(a) . Due to the trap capture, the free carrier concentration was found to reduce significantly when the measurement temperature is lowered. Fig. 3 shows the decrease of with lowering temperature for the C-F spectra at V. In contrast, is almost temperature-independent at V. This result can be explained by the presence of a higher concentration of traps in the region close to the InGaAs layer. This decrease of would result in an overestimation of the emission time from the inflexion frequency, leading to an erroneous estimation of the activation energy. This effect is shown in Fig. 5 for the obtained versus 1000/T for several reverse voltages. As can be seen, the increases monotonously with increasing reverse voltages at low temperature while the remains almost a constant at high temperature. This effect leads to an increase of activation energy from 0.36 to 0.54 eV as reverse voltage increases from 0.5 to 2.5 V. Therefore, we should take 0.36 eV for the activation energy of . Assume is limited by the conduction from the thermal excitation of electrons to the conduction band, this result suggests that Fermi energy is located at 0.36 eV below the minimum of the conduction band in the InGaAs layer. Assuming a single accepter trap is responsible for the carrier depletion which produces the , this trap should be at about 0.36 eV in the InGaAs layer.
As previously shown, the carrier depletion extends to the GaAs region, meaning that the trap is not confined in the InGaAs layer but extends to the concentrated region. As previously discussed, under small voltages, the applied potential drop is almost across the Schottky depletion region and the carrier-depletion region has almost no effect on capacitance. Therefore, we selected a small voltage sweep from 0 to V for DLTS measurement to probe the GaAs layer in the concentrated region. The DLTS spectra were taken with a fill time of 5 s and the result is shown in Fig. 6 . As can be seen, a dominating signal at about 270 to 300 K was observed in the 1000 Å sample. As shown in Fig. 6 , no similar DLTS signal was detected in the 100 and 200 Å samples where the DLTS spectra were taken after sweeping the voltage from 0 to V. The activation energy and capture cross section were determined to be 0.535 eV and cm . As shown in the Arrhenius plot in the inset of Fig. 6 , the emission times obtained from DLTS could be connected almost by a straight line with those from the low-frequency capacitance drop (from to nF) in the C-F spectra in Fig. 2(b) . This result seems to suggest that the low-frequency capacitance drop in the C-F spectra originates from the carrier emission from the trap in the concentrated region. These emission times should correspond to the trap emission times because they are much longer than the time constant previously mentioned. The activation energy obtained indicates that the trap locates at 0.535 eV in the GaAs region, which is about 0.175 eV larger than the activation energy (0.36 eV) of . We found that this difference is approximately equal to the conduction-band offset between GaAs and In Ga As. Fig. 7 shows the 300 K photoluminescence (PL) for the 1000 Å sample. For comparison, the PL spectra at 300 K for the 100 and 200 Å samples are shown in the inset, where strong InGaAs peaks at around 1.17 and 1.13 eV were observed with their intensities being one order of magnitude higher than that of the GaAs peaks. In contrast, the InGaAs peak was much weaker than the GaAs peak for the 1000 Å sample. The reduced intensity also supports the relaxation of the InGaAs layer for the 1000 Å sample. As shown in Fig. 7 , an energy difference of 0.26 eV between the GaAs and In Ga As peaks at 300 K was obtained for the 1000 Å sample. Taking a ratio of 7 : 3 between the conduction-and valence-band offset [13] , a conduction-band offset about 0.18 eV was obtained. This may explain a difference of 0.175 eV for the activation energies obtained in the InGaAs and GaAs layers.
IV. CONCLUSIONS
The characterizations of relaxation-induced traps for In Ga As/GaAs Schottky diodes using capacitance spectroscopy technique were investigated. A simple procedure for deriving a C-V-F equation is described. It is shown that at low voltages, the low-frequency capacitance is equal to the Schottky depletion capacitance; at high voltages, it approaches the high-frequency capacitance. The experimental data were shown to be compatible with the theory, allowing us to obtain the device's parameters. The activation energy of 0.36 eV was determined for the resistance of the relaxation-induced depletion layer, implying the presence of a trap at about 0.36 eV in the InGaAs layer. A dominating trap at 0.53 eV was detected in the GaAs region by DLTS. This energy difference could be explained by the conduction-band offset between GaAs and In Ga As. In 1989, he joined AT&T Bell Laboratories, Murray Hill, NJ, where he worked on MBE growth of compound semiconductors. In 1991, he joined the Electrophysics Department, NCTU. His current research interest is in the field of photoelectronic devices.
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